The anaerobic acetogenic bacterium Acetobacterium woodii couples the reduction of caffeate with electrons derived from hydrogen to the synthesis of ATP by a chemiosmotic mechanism using sodium ions as coupling ions, but the enzymes involved remain to be established. Previously, the electron transfer flavoproteins EtfA and EtfB were found to be involved in caffeate respiration. By inverse PCR, we identified three genes upstream of etfA and etfB: carA, carB, and carC. carA encodes a potential coenzyme A (CoA) transferase, carB an acyl-CoA synthetase, and carC an acyl-CoA dehydrogenase. carA, -B, and -C are located together with etfA/carE and etfB/carD on one polycistronic message, indicating that CarA, CarB, and CarC are also part of the caffeate respiration pathway. The genetic data suggest an initial ATP-dependent activation of caffeate by CarB. To prove the proposed function of CarB, the protein was overproduced in Escherichia coli, and the recombinant protein was purified. Purified CarB activates caffeate to caffeyl-CoA in an ATP-and CoA-dependent reaction. The enzyme has broad pH and temperature optima and requires K ؉ for activity. In addition to caffeate, it can use -coumarate, ferulate, and cinnamate as substrates, with 50, 15, and 9%, respectively, of the activity obtained with caffeate. Expression of the car operon is induced not only by caffeate, -coumarate, ferulate, and cinnamate but also by sinapate. There is no induction by -hydroxybenzoate or syringate.
Acetobacterium woodii is an acetogenic bacterium that grows by oxidation of various electron donors, such as molecular hydrogen, C 1 compounds such as methanol or formate, and sugars (31) . Electrons are funneled to carbon dioxide, which is reduced to acetate in the Wood-Ljungdahl pathway (26, 27, 34, 35) . This pathway is coupled to ATP synthesis by a chemiosmotic mechanism with Na ϩ as a coupling ion (1, 12, 16 ), but the ways by which the sodium ion gradient is established remained to be identified (29, 39) .
Acetogens have a wide metabolic flexibility (31) . They use not only the classical electron acceptor CO 2 but also alternative terminal electron acceptors, including arylacrylates (2), fumarate (10, 11, 28) , dimethyl sulfoxide (DMSO) (3) , and nitrate (13, 41) . A. woodii can reduce the carbon-carbon double bond of phenylacrylates such as caffeate, and the overall reaction is coupled to ATP synthesis by a chemiosmotic mechanism with Na ϩ as the coupling ion (9, 18, 19, 39) . Thus, this reaction sequence is termed caffeate respiration.
To elucidate the enzymes and intermediates of this respiratory pathway, physiological techniques were employed. These data culminated in a model (30) in which hydrogen is activated by a hydrogenase that reduces ferredoxin. The electrons are then transferred to a ferredoxin:NAD ϩ oxidoreductase (Rnf), a membrane-bound, Na ϩ -translocating enzyme complex that reduces NAD ϩ (4, 5) . From there, the electrons are transferred ultimately to caffeate via an unknown electron transport chain. However, two-dimensional gel electrophoresis unraveled two subunits of an electron transfer flavoprotein (EtfA and EtfB) present specifically in caffeate-grown cultures (18) . These are soluble, flavin-containing enzymes that catalyze electron transfer reactions from donors (such as NADH) to acceptors. Indeed, the cytoplasmic fraction of caffeate-grown cells reduces caffeate with NADH as an electron donor.
The genes encoding EtfA and EtfB were partially sequenced (18) . To obtain more information on the pathway of caffeate respiration and the enzymes and genes involved, we used primer walking to sequence the DNA up-and downstream of etfA and etfB. This led to the identification of the caffeate reduction operon (car), whose sequence and gene product functions are described here. Special emphasis is placed on one of the genes encoding the first step in caffeate respiration, i.e., activation of caffeate to caffeylcoenzyme A (caffeyl-CoA).
MATERIALS AND METHODS
Growth of A. woodii. A. woodii was cultivated at 30°C in 50-or 100-ml hypovials. The medium was prepared as described previously (18) . Fructose was used as a carbon source at a final concentration of 20 mM. Caffeate, sinapate, cinnamate, -hydroxybenzoate, or syringate was added from a 1 M stock solution to a final concentration of 10 mM. Growth was followed by measuring the optical density at 600 nm (OD 600 ).
Amplification of "caffeate reduction genes" and sequence determination. The amplification and sequence determination of "caffeate reduction genes" were achieved using inverse PCR as described previously (18) . DNA sequencing of purified PCR fragments was carried out by 4BaseLab, Reutlingen, Germany. Primers were designed in such a way that an overlap of two sequences was achieved. The sequences of the primers used in this study are shown in Table 1 .
Sequence identities were verified using BLAST analysis. Hydropathy plots were conducted using the Kyte and Doolittle algorithm (20) .
Operon analysis. Total RNA from A. woodii was prepared using a NucleoSpin RNAII kit (Macherey-Nagel, Düren, Germany). To break the cells, incubation was performed with 40 mg/ml (final concentration) lysozyme for 5 min at 42°C. The cell suspension was then transferred to a reaction tube that already contained 350 l buffer RA1 (Macherey-Nagel, Düren, Germany), 3.5 l ␤-mercaptoethanol, and 30 zirconoxide balls (2 mm in diameter, yttrium stabilized; Retsch, Germany). The tubes were applied to an MM 301 mixer mill (Retsch, Germany) at 30 Hz for 5 min. The subsequent steps were done according to the protocol provided by Macherey-Nagel. To remove the residual DNA, the samples were treated with RQ1 RNase-free DNase (Promega, Mannheim, Germany) according to the manufacturer's protocol. cDNA synthesis was accomplished using RNase H Minus point mutant Moloney murine leukemia virus reverse transcriptase (Promega) according to the manufacturer's protocol. To prevent RNA degradation during this step, 48 U of recombinant RNasin RNase inhibitor (Promega) was added. Primers that were used for operon analysis are listed in Table 1 .
Cloning of carB. The carB gene was amplified from A. woodii chromosomal DNA by a PCR with the primers listed in Table 1 . The PCR was performed in an Eppendorf Mastercycler gradient machine (Eppendorf) with the following program: 95°C for 2 min and 30 cycles of 95°C for 1 min, 61°C for 1 min, and 72°C for 1 min 50 s. PCR products were cleaved with appropriate restriction enzymes and ligated into the overexpression vector pET21a (Novagen). The ligation mixture was transformed into chemically competent Escherichia coli DH5␣. Resulting transformants were screened for plasmids of appropriate size. Inserts were sequenced to ensure gene integrity. The final plasmid used in this study was named pET21a-carB. The plasmid contained a sequence encoding a hexahistidine tag at the C terminus for purification of the recombinant protein.
Protein production and purification. Chemically competent E. coli strain BL21(DE3) was transformed with pET21a-carB and grown on Luria-Bertani (LB) plates supplemented with 100 g of ampicillin/ml and 20 mM glucose, with incubation overnight at 37°C. Cultures were then diluted in 3 liters of RM amp medium (22) , to an OD 600 of 0.05, followed by incubation at 16°C. Gene expression was induced at an OD 600 of 1.0 by the addition of IPTG (isopropyl-␤-Dthiogalactopyranoside; Roth, Karlsruhe, Germany) to a final concentration of 0.66 mM. After 18 h at 16°C, the cultures were harvested, and cells were washed in 50 ml lysis buffer (300 mM NaCl, 50 mM NaH 2 PO 4 , 10 mM imidazole [pH 8]). Cells were frozen at Ϫ20°C until use.
To purify the CarB protein, cells were resuspended in 25 ml lysis buffer containing 1 mg/ml DNase I (Roche) and then disrupted by three passages through a French press (65 MPa). Cell debris and whole cells were removed by two centrifugation steps (24,000 ϫ g, 30 min, 4°C). The cell extract was separated into cytoplasmic and membrane fractions by ultracentrifugation (150,000 ϫ g, 2 h, 4°C). The supernatant was incubated for 1 h at 4°C with Ni Western blot analysis. Cells of A. woodii were harvested in the late exponential growth phase, resuspended in water, and sonicated to break the cells. Cell debris and whole cells were removed by a centrifugation step (24,000 ϫ g, 15 min, 24°C). The protein concentration of the cell extract was determined according to the method of Bradford (7) . Thirty micrograms of protein was separated by SDS-PAGE according to the method of Laemmli (21) . Western blotting and signal detection were carried out as described before (40) .
Nucleotide sequence accession number. The DNA sequences of the five genes of the car operon have been deposited in the GenBank database under accession no. HQ616211.
RESULTS
Amplification and sequence determination of "caffeate reduction genes." Part of the DNA sequence of the genes encoding the electron transfer flavoproteins, namely, etfB and etfA, was obtained earlier (18) . Starting from etfB as a template, we amplified the upstream region by inverse PCR and found five genes that cover a length of 6,432 bases (Fig. 1A) . The identities of the genes were verified by bioinformatics and experimental procedures (see below). The first gene in the cluster is carA, which is 1,575 bp long. The presumptive start codon (ATG) is preceded by a well-conserved Shine-Dalgarno sequence 7 bases upstream of the start codon (42) . The downstream gene carB has 1,596 bp and a putative Shine-Dalgarno sequence 6 bases upstream of the start codon. carA and carB are separated by 27 bases. The sequence 92 bp downstream of carB is carC, which is 1,059 bp long. A putative Shine-Dalgarno sequence was identified 19 bp upstream of the gene. etfB is the Fig. 1A . Only a cDNA originating from one polycistronic mRNA was able to give products with the expected fragment sizes of 730, 560, 640, and 926 bp, respectively. As shown in Fig. 1B , all of the expected PCR products were indeed obtained. No PCR products were generated when the corresponding mRNA was used as a template. This result demonstrates that carA, carB, carC, etfB, and etfA are part of one operon. Therefore, we propose the name car operon, for "caffeate reduction." In addition, etfB and etfA should be named carD and carE.
Properties of the deduced gene products. The derived amino acid sequence of carA of A. woodii predicts a soluble protein with a molecular mass of 57.7 kDa and shows similarities to the sequences of CoA transferases such as acetyl-CoA:propionate CoA transferase of Listeria welshimeri (55% identity and 75% similarity) and the CoA transferases of Burkholderia phymatum (54% identity and 70% similarity), Clostridium tetani (49% identity and 65% similarity), and Clostridium propionicum (49% identity and 64% similarity). CarA is a potential hydrocaffeyl-CoA:caffeate CoA transferase.
The derived amino acid sequence of carB of A. woodii predicts a soluble protein with a mass of 57.5 kDa and shows similarities to the sequences of an AMP-binding protein of Clostridium botulinum (38% identity and 59% similarity) and the acyl-CoA synthetases of Clostridium licheniformis (37% identity and 56% similarity), Methanococcus maripaludis (35% identity and 56% similarity), and Methanosarcina mazei (35% identity and 55% similarity). Therefore, carB could encode an AMP-forming caffeyl-CoA synthetase.
carC of A. woodii encodes an amino acid sequence that shows similarities to the sequences of acyl-CoA dehydrogenases of C. botulinum (66% identity and 80% similarity), Clostridium sporogenes (65% identity and 80% similarity), and Bacillus anthracis (49% identity and 66% similarity). The identity to butyryl-CoA dehydrogenase of C. tetani was found to be 53% (70% similarity). The predicted mass of the deduced protein is 38.8 kDa. It is a soluble protein and could encode a caffeyl-CoA reductase. The derived amino acid sequences of carD/etfB and carE/ etfA predict proteins with masses of 30.4 and 43.7 kDa, respectively. Properties of CarD/EtfA and CarE/EtfB have been described previously (18) . It has been shown that the electron transfer flavoprotein of A. woodii is likely to bind flavins, and in a Western blot analysis, it was detected not in the membrane but in the cytoplasm (18) .
Overproduction, partial purification, and biochemical properties of CarB. To analyze the function of the carB gene product, the gene was cloned into an expression vector and overexpressed in E. coli, and a protein with the predicted mass of 60 kDa was visible in Coomassie blue-stained gels loaded with cells of the transformants. The protein had an engineered His 6 tag at the C terminus that was used to purify the overproduced protein via affinity chromatography on Ni 2ϩ -NTA columns. After chromatography on Ni 2ϩ -NTA, the preparation contained a major protein of 60 kDa among some minor proteins (Fig. 2) . Anti-His 6 antibodies reacted with the 60-kDa protein but not with the other minor proteins present in the preparation. In addition, when the cytoplasm of E. coli BL21(DE3)/ pET21a was separated via the same column, the same minor proteins were visible, but the preparation had no caffeyl-CoA synthetase activity, indicating that the 60-kDa protein is essential and sufficient for the observed catalytic activity (see below).
When the protein was incubated with 1 mM ATP, 0.25 mM CoA, and 0.5 mM caffeate, caffeyl-CoA was produced, as determined by an increase in absorption at 346 nm. Activity was strictly dependent on the presence of the recombinant protein, CoA, and ATP. These data show that CarB is indeed a caffeylCoA synthetase. Depending on the preparation, the activity was around 60 to 100 mU/mg of protein.
The enzyme had a rather broad pH optimum, ranging from 6.0 to 8.0, and a rather broad temperature range for activity (25 to 40°C). A striking characteristic is its strict K ϩ dependence. There was no activity in the absence of K ϩ , but activity increased with increasing K ϩ concentrations, in a saturable fashion (Fig. 3) . Half-maximal activity was obtained at 6 mM K ϩ (Fig. 3) . K ϩ could not be replaced by Na ϩ , but Cl Ϫ could be replaced by SO 4 2Ϫ . The dependence on caffeate (Fig. 4) , ATP, and coenzyme A also followed Michaelis-Menten kinetics. Apparent K m values were determined to be 25 M for caffeate and 13 M for ATP. When the enzyme was incubated with saturating amounts of ATP (1 mM) and caffeate (0.5 mM), the K m for CoA was determined to be 0.5 mM, and the V max was 310 mU/mg. The k cat value was 5.5 s Ϫ1 . Substrate specificity of the caffeyl-CoA synthetase. Since A. woodii can reduce a number of different acrylates, we determined the specificity of the caffeyl-CoA synthetase for several substrates with structural similarities to caffeate (Fig. 5) . Activity was highest with caffeate, but 52% of this activity was still detected with -coumarate, which has one less hydroxyl group. If one of the hydroxyl groups of caffeate was changed to a methoxy group (ferulate), the activity dropped to 16%. A similar low activity was seen with cinnamate, which is devoid of on July 7, 2017 by guest http://jb.asm.org/ both hydroxyl groups. In contrast, there was no activity with either sinapate or -hydroxybenzoate. Induction of the caffeate reduction operon. The above-mentioned experiments showed that the caffeyl-CoA synthetase also activates -coumarate, ferulate, and cinnamate. Previously, we showed that CarE and CarD (and thus the caffeate reduction operon) are induced in cells grown in the presence of caffeate, ferulate, or -coumarate (18). Here we demonstrate that the same is true for cells grown on cinnamate and sinapate and that there is no induction of EtfA and EtfB by -hydroxybenzoate or syringate (Fig. 6 ).
DISCUSSION
Caffeate is reduced by A. woodii to hydrocaffeate, which is not further utilized but released into the environment (2, 44) . The genes encoding the electron transfer flavoprotein (EtfAB/ CarDE), which were previously recognized to be involved in the caffeate respiration pathway (18) , are clustered and apparently cotranscribed with genes encoding an acyl-CoA dehydrogenase, a CoA transferase, and an acyl-CoA synthetase. Since the electron transfer flavoprotein is induced by caffeate and since we have shown here that the acyl-CoA synthetase is a bona fide caffeyl-CoA synthetase, it is reasonable to assume that the acyl-CoA dehydrogenase and the CoA transferase are also involved in caffeate reduction. From the genetic data presented here, the pathway of electron flow during caffeate reduction can be delineated (Fig. 7) .
First, caffeate is activated to caffeyl-CoA. This is consistent with our previous notion that reduction of caffeate by cell extracts or cytoplasmic fractions requires CoA, ATP, or acetylCoA (18) . The caffeyl-CoA synthetase CarB of A. woodii is similar to AMP-forming acyl-CoA synthetases (Acs) and requires hydrolysis of ATP for activation. It is known from other AMP-forming acyl-CoA synthetases that the enzyme binds first ATP and then the substrate, leading to an enzyme-bound substrate-AMP intermediate and the release of PP i . Acyl-CoA is formed after CoA binds to Acs (Bi Uni Uni Bi ping-pong mechanism) (45) (46) (47) (48) . It is thought that the 10 conserved regions marked in Fig. 8 play an important role in substrate binding and enzymatic catalysis. Box A3 is involved in the orientation of ATP before binding (8) , whereas the amino acid residues of box A5 catalyze the binding of ATP (14) . After separation of pyrophosphate, the smaller C-terminal domain makes a rotation of 140°, leading to a coenzyme A binding conformation; the pivot point of this rotation lies within conserved box A8 (15, 36, 37, 50) . It could be shown for Salmonella enterica that the lysyl residue of the A10 domain is reversibly acetylated and thereby plays an important role in enzyme regulation (43) . Most of the residues discussed are conserved in CarB of A. woodii.
Furthermore, the substrate specificity of CarB was determined. Activity was dependent on the number of hydroxyl and methoxy groups on the aromatic ring. The more hydroxyl groups were present, the better was the activity of the enzyme. In contrast, methoxy groups on the aromatic ring had a negative effect on enzyme activity. It is possible that methoxy groups cause a steric obstruction. No activity could be measured if there was no acryl group present in the substrate. This seems reasonable, as the substrate cannot be reduced after activation. Furthermore, it is known that acetyl-CoA synthetases can activate not only acetate but also structurally similar acids, such as propionic acid (60% activity), acrylic acid (63% activity), and propiolic acid (12% activity) (33) .
It was shown previously that cells grown on caffeate, ferulate, or -coumarate induce the production of the electron transfer flavoprotein (18) . In this study, we revealed that the phenylacrylates sinapate and cinnamate were also able to induce the production of CarDE. Substrates without an acryl group, such as syringate and -hydroxybenzoate, failed to induce CarDE. The expression of the operon by only those substrates that can finally serve as an electron acceptor is economical for the cells. In contrast, it remains to be established why sinapate leads to induction of CarDE, although it cannot be activated to sinapoyl-CoA by CarB.
Since there is only a little energy conserved during caffeate respiration, activation of caffeate at the expense of ATP in the steady state of caffeate respiration is not economical. Instead, we propose that only the initial activation is catalyzed by the caffeyl-CoA synthetase. After the initial activation and reduction of caffeyl-CoA to hydrocaffeyl-CoA, the CoA group may be transferred from hydrocaffeyl-CoA back to caffeate by the CoA transferase, CarA. Such an energy-saving CoA loop is found often in the metabolism of anaerobes, for example, in the progress of toluene catabolism in Thauera aromatica (24) and in the first step of oxalate degradation in Oxalobacter formigenes (38) .
Caffeyl-CoA is likely to be reduced by a complex of the electron transfer flavoprotein with the hydrocaffeyl-CoA dehydrogenase and caffeyl-CoA reductase that are encoded by the operon. Both proteins are soluble, and both may constitute a complex that, like the case for crotonyl-CoA reduction by Clostridium kluyveri, catalyzes reduction of caffeyl-CoA to hydrocaffeyl-CoA, with electrons passed along from NADH via flavin adenine dinucleotide (FAD). The exergonic caffeyl-CoA reduction may drive the endergonic reduction of ferredoxin with NADH as a reductant via electron bifurcation (17, 25) . If this analogy is correct, then additional energy may be conserved by the consecutive oxidation of the reduced ferredoxin by Rnf.
Despite the fact that caffeate reduction by A. woodii is coupled to the generation of a transmembrane electrochemical Na ϩ gradient that in turn is used to drive ATP synthesis via the Na ϩ F 1 F o ATP synthase, the cytoplasmic fraction of A. woodii was essential and sufficient to catalyze caffeate reduction with NADH as a reductant (18) , and the addition of the cytoplasmic membrane had no effect on the reaction. From these observations, it was concluded that NADH-driven caffeate reduction is cytoplasmic (18) . This is corroborated by the findings of the present study. All of the proteins involved in NADH-driven caffeate reduction are soluble. The soluble nature of the enzymes involved reinforces our suggestion that the Na ϩ motive step lies between hydrogen oxidation and NAD ϩ reduction (30) . Indeed, membranes of A. woodii have a ferredoxin:NAD oxidoreductase activity that is coupled to Na ϩ transport (4), and a likely candidate for the Na ϩ motive enzyme is the Rnf complex, a recently discovered membrane-bound, electrontransferring ferredoxin:NAD oxidoreductase in A. woodii (5, 6) . Therefore, reduction of ferredoxin in the course of caffeylCoA reduction by electron bifurcation makes sense energeti- cally, since the reduced ferredoxin oxidized by the Rnf complex drives Na ϩ export. The soluble nature and cytoplasmic localization of the enzymes mediating caffeate reduction also imply that caffeate is taken up by the cell and that the hydrocaffeate product has to be expelled from the cell. Unfortunately, genes encoding a transport system(s) are not carried by the operon. Whether such a transporter (caffeate-hydrocaffeate antiporter) or sin- gle-solute transporters (caffeate and hydrocaffeate) are encoded elsewhere on the chromosome or whether educt and product just cross the cytoplasmic membrane by diffusion remains to be clarified in the future.
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